The development of the vertebrate brain depends on the formation of local organizing centres within the neural tube that express secreted signals that refine local neural progenitor identity. The isthmic organizer (IsO) forms at the isthmic constriction and is required for the growth and ordered development of mesencephalic and metencephalic structures. The formation of the IsO, which is characterized by the generation of a complex pattern of cells at the midbrain-hindbrain boundary, has been described in detail. However, when neural plate cells are initially instructed to form the IsO, the molecular nature of the inductive signals remain poorly defined. We now provide evidence that convergent Wnt and FGF signaling at the gastrula stage are required to generate the complex polarized pattern of cells characteristic of the IsO, and that Wnt and FGF signals in combination are sufficient to reconstruct, in naïve forebrain cells, an IsO-like structure that exhibits an organizing activity that mimics the endogenous IsO when transplanted into the diencephalon of chick embryos. q
Introduction
Inductive centres termed 'secondary organizers' that emerge within the developing neural tube act as local sources of secreted signals to refine local neural identity (Echevarria et al., 2003) . The isthmic organizer (IsO), which is located at the constriction at the midbrain-hindbrain boundary, is the best characterized secondary organizer within the CNS and influences the proliferation and patterning of the adjacent midbrain and hindbrain regions (Wurst and Bally-Cuif, 2001 ). The inductive property of the IsO was first recognized in transplantation experiments in chick. When isolated and transplanted into the caudal diencephalon, the IsO induces a gene expression profile characteristic of the midbrain in adjacent host cells (Marin and Puelles, 1994; Martinez et al., 1991) . The patterning activities of the IsO are mediated by Wnt1 and FGF8 signals (Bally-Cuif et al., 1995; Liu and Joyner, 2001; Reifers et al., 1998) derived from cells located in adjacent narrow rostrocaudal domains at the midbrainhindbrain boundary (Hidalgo-Sanchez et al., 1999) .
The onset of Wnt1 and Fgf8 expression at the midbrainhindbrain boundary is preceded by complex spatio-temporal patterns of homeobox transcription factors in the region of the neural plate where the IsO will form (Rhinn and Brand, 2001; Wurst and Bally-Cuif, 2001 ). Cross-regulatory circuits among these transcription factors are required to position and maintain the polarized pattern of gene expression at the midbrainhindbrain boundary. Many facets of these interactions, also involving Wnt1 and FGF8 signaling, have been described in detail (Liu and Joyner, 2001; Rhinn and Brand, 2001; Wurst and Bally-Cuif, 2001 ). In contrast, when neural cells initially become specified to form the complex rostrocaudal pattern of cells characteristic of the IsO and the molecular nature of the inductive signal(s) have remained unresolved.
The early development of the vertebrate central nervous system (CNS) depends on inductive signals derived from adjacent non-neural tissues. There is now persuasive evidence that a rostrocaudal regional neural pattern is imposed soon after the initial specification of ectodermal cells to a neural fate (Gamse and Sive, 2001; Kobayashi et al., 2002; Kudoh et al., 2002; Muhr et al., 1999) . Prospective neural cells appear initially to exhibit a rostral 'forebrain-like' character (Doniach, 1993; Muhr et al., 1999; Nieuwkoop et al., 1952) . In the chick embryo, an early coarse rostrocaudal pattern of neural cells is established at the gastrula stage when prospective caudal neural cells become specified as cells of caudal forebrain, midbrain, rostral hindbrain and spinal cord character in response to caudalizing signals derived from the adjacent primitive streak and paraxial mesoderm (Muhr et al., 1999; Nordstrom et al., 2002) . Later in development, this initial regionalization of the neural plate is progressively refined to subsequently generate a region-specific array of neuronal cell types. The stage at which neural plate cells are instructed to form the complex pattern of cells characteristic of the IsO remains, however, to be established.
The early rostrocaudal regional pattern of neural cells is imposed by graded Wnt together with FGF signals (Domingos et al., 2001; Kiecker and Niehrs, 2001; Muhr et al., 1999; Nordstrom et al., 2002) , initially derived from adjacent non-neural tissues (Muhr et al., 1999; Nordstrom et al., 2002) . However, whether the early specification of midbrain and rostral hindbrain character by Wnt and FGF signals is sufficient to initiate the formation of the complex pattern of cells characteristic of the IsO, or whether additional secreted signals derived from adjacent non-neural or neural tissues are required, remains unresolved. Moreover, the multiple patterning functions of Wnt and FGF signals in early embryos (Amaya et al., 1993; Storey et al., 1998; Yamaguchi, 2001) , and the later roles of Wnt1 and FGF8 in maintaining a polarized pattern of cells in the isthmic region (Mastick et al., 1996; McMahon and Bradley, 1990; McMahon et al., 1992; Sato et al., 2004; Thomas et al., 1991) , have made it very difficult to study the direct role of Wnt and FGF signaling in the initial induction of the IsO in intact embryos. Chick prospective neural tissue can be isolated and maintained in vitro in separation from adjacent tissues at stages when neural cells start to be exposed to caudalizing signals. Thus, the stage at which neural cells are initially instructed to acquire different rostrocaudal identities can be determined, and the direct response of neural cells to putative signals involved in the formation of the IsO can be studied.
In this study, we have used chick neural plate explants to address when and how neural cells are initially instructed to form the IsO. We provide evidence that already at the gastrula stage, prospective midbrain-rostral hindbrain cells have received sufficient positional information to generate a profile of cells characteristic of the IsO independently of signals derived from adjacent non-neural tissues or longrange signals derived from more rostral or from more caudal regions of the emerging neural plate. The results also provide evidence that convergent Wnt and FGF signaling at the gastrula stage are required to generate the complex polarized pattern of cells characteristic of the IsO, and that Wnt and FGF signals in combination are sufficient to reconstruct an IsO-like structure in naïve forebrain cells that exhibit an organizing activity that mimics the endogenous IsO when transplanted into the diencephalon of chick embryos.
Results

The IsO is specified at the late gastrula stage
IsO activity can be detected in Hamburger Hamilton (HH) stage 10 chick embryos (Alvarado-Mallart, 1993) . At stage 10, cells located rostral and caudal to the midbrain-hindbrain boundary express Otx2 and Gbx2, respectively Shamim and Mason, 1998) (Fig. 1A ). Pax2 and En1 are expressed in cells that span the Otx2/Gbx2 border, and cells located in narrow rostral and caudal domains on either side of the midbrain-hindbrain boundary express Wnt1 and Fgf8, respectively (Davis and Joyner, 1988; Hidalgo-Sanchez et al., 1999) (Fig. 1A) . Pax6 is expressed in the caudal forebrain (Matsunaga et al., 2000) , and cells in rhombomere 3 of the rostral hindbrain co-express Pax6 and Krox20 (Nieto et al., 1991) (Fig. 1A) . Prospective neural plate cells are specified as En1
C /Otx2 C midbrain and Krox20 C rostral hindbrain cells by stage 4, the gastrula stage (Muhr et al., 1999) . To examine whether at this stage prospective midbrain-rostral hindbrain cells also have become instructed to form the more complex pattern of cells characteristic of the IsO, we monitored the generation of cells expressing Otx2, Pax6, Pax2, En1, Gbx2, Krox20, Wnt1 and Fgf8 in stage 3-4 chick neural tissue explants, cultured to a stage corresponding to stage 9-10 embryos.
Since the formation of the complex pattern of cells characteristic of the IsO may require signals that act at long range within the neural plate, we initially isolated large explants that included most of the rostrocaudal extent of the prospective neural plate (Fig. 1B,D) , and we kept track of the rostrocaudal orientation of these explants maintained in culture for 20-24 h. Under these conditions, stage 3 prospective neural plate explants generated Otx2 C forebrain cells but no caudal neural cells or cells expressing Wnt1 or Fgf8 were detected (Muhr et al., 1999) (Fig. 1C) . In contrast, in explants isolated from stage 4 embryos, Otx2
C and Gbx2 C cells were located in complementary rostral and caudal domains. Otx2 C and En1 C cells spanned the Otx2/Gbx2 border, and Gbx2 C /Krox20 C /Pax6 C rostral hindbrain cells characteristic of rhombomere 3 were generated in the caudal-most domain of the explants (Fig. 1E) . Moreover, Wnt1 and Fgf8 were expressed in two adjacent narrow stripes within the Pax2 C / En1 C domain (Fig. 1E) C and En1 C cells in small explants that were limited to the prospective midbrain-hindbrain region (Fernandez-Garre et al., 2002; Nordstrom et al., 2002) , denoted MHB explants ( Fig. 2A) . To track the rostrocaudal orientation of MHB explants, the rostral margin of the explants was labeled with DiI-crystals (Supplementary fig. 1 ). Stage 4 MHB explants generated Otx2
C /Wnt1 C cells in the rostral region and Gbx2 C / Fgf8 C cells in a flanking caudal domain. Pax2 C and En1 C cells spanned these domains-a profile of cells characteristic of the IsO (Fig. 2B-G) . In situ hybridization double labeling revealed that Wnt1 and Fgf8 were expressed in adjacent partially overlapping domains ( Fig. 2F-I ), consistent with the in vivo expression patterns of these genes (Matsunaga et al., 2002) . To exclude that the observed neural pattern of expression observed in stage 4 MHB explants was caused by the generation of mesodermal cells during culture, we monitored the expression of the pan-neural marker Sox2 (Uwanogho et al., 1995) , and of Not1 that is expressed in the notochord (Stein and Kessel, 1995) , Tbx6L that is expressed in the primitive streak and caudal paraxial mesoderm (Chapman and Papaioannou, 1998; Knezevic et al., 1997) and Brachyury (Bra) that is expressed in caudal epiblast cells, in the notochord and in the presomitic mesoderm (Kispert et al., 1995; Knezevic et al., 1997) . Stage 4 MHB explants generated Sox2 cells (92G 1% of total cell number), but no Tbx6L C or Not1 C cells and only very few scattered Bra C cells (Supplementary fig. 2B ). Explants isolated from regions located directly rostral (see Fig. 5A ) or caudal (Muhr et al., 1999) to the prospective midbrain-hindbrain region did not generate cells that expressed Wnt1 or Fgf8 (data not shown). Thus, in stage 4 embryos the prospective midbrain-hindbrain region of the emerging neural plate is sufficient to generate a pattern of cells characteristic of the IsO. Collectively, these results provide evidence that at the gastrula stage cells in the prospective midbrain-rostral hindbrain region of the emerging neural plate have received sufficient positional information to generate the complex pattern of cells characteristic of the IsO independently of further signals derived from adjacent non-neural tissues or long-range signals derived from more rostral or caudal regions of the emerging neural plate. 
Gastrula stage Wnt and FGF signals are required for the initial induction of the complex pattern of gene expression characteristic of the IsO
In late gastrula stage (stage 4) embryos, several Wnt and Fgf family members are expressed in or adjacent to the region destined to give rise to the caudal neural plate (Chapman et al., 2004; Karabagli et al., 2002; Yamaguchi, 2001) . Previous results in chick have provided evidence that Wnt and FGF signaling are required to specify cells of caudal forebrain, midbrain and rostral hindbrain character (Nordstrom et al., 2002) . Consistent with these results, a soluble fragment of the Frizzled receptor 8 protein (mFrz8CRD-IgG), a selective antagonist of Wnt signals (Hsieh et al., 1999) , or SU5402 (4 mM), an inhibitor of FGF receptor activation (Mohammadi et al., 1997) , blocked or suppressed the generation of Pax2 C , En1 C , Gbx2 C , Wnt1 C and Fgf8 C cells in stage 4 MHB explants, and instead Otx2 C forebrain cells were generated (Fig. 3C ,D and Table 1 ). C (33G11% of total cell number), En1 C (15G6% of total cell number), Wnt1 C (34G9% of total cell number), Fgf8 C (16G35% of total cell number) and Gbx2
C cells (53G9% of total cell number) in a polarized pattern. (C) Stage 4 MHB explants (nZ8) cultured in the presence of mFrz8CRD-IgG (120 ml/ml conditioned medium) generated Otx2
C cells (90G2% of total cell number) but no or few Pax2 C (11G2% of total cell number), Wnt1 C (1G1% of total cell number), En1
C (0% of total cell number), Fgf8 C (0% of total cell number) or Gbx2 C cells (0% of total cell number). (D) MHB explants (nZ8) cultured in the presence of SU5402 (4 (M) generated Otx2
C cells (77G8% of total cell number) but no Pax2 C (1G1% of total cell number), En1 C (0% of total cell number), Fgf8
C (0% of total cell number) or Gbx2 C cells (0% of total cell number). The number of Wnt1 C cells (3G2% of total cell number) was dramatically reduced. Scale bar: 100 mm. Work in mouse and zebrafish have shown, however, that Wnt1, Wnt 10b and Wnt3a signaling are not required for the initial induction of the IsO, but to maintain the region-specific pattern of gene expression at the midbrain-hindbrain boundary after the 12 somites stage (Buckles et al., 2004; Lee et al., 1997; McMahon et al., 1992) . Similarly, analysis of the zebrafish mutant acerebellar that exhibits impaired FGF8 function demonstrates that FGF8 signaling is required for the maintenance, but not for the initial induction of En1, Pax2, and Wnt1 in the isthmic region (Reifers et al., 1998) . We cultured stage 4 explants for 20 h corresponding to w10 somites embryos, indicating that our results reflect the roles of Wnt and FGF signaling in the induction rather than in the maintenance of the IsO. To provide further evidence for this idea, we addressed when the generation of the pattern of cells characteristic of the IsO become independent of early Wnt and FGF signaling in neural plate cells. MHB explants isolated at stage 6 and cultured for 15 h, corresponding to the w10 somites stage generated a pattern of gene expression characteristic of the IsO both in the absence and in the presence of mFrz8CRD-IgG or SU5402 (Fig. 4) , providing evidence that Wnt and FGF signaling in neural plate cells is not Table 1 Marker expression in MHB and FB explants. Colored discs represent explants with a typical distribution of cells expressing different region-specific markers. Number of cultured explants exhibiting the given distribution of marker expression is indicated. For detailed quantification see Fig. 3 for MHB explants and Fig. 5 for FB explants. Under these conditions cells at the periphery of the explants are exposed to a higher concentration of Wnt signals than cells at the core of the explants (Nordstrom et al., 2002) . At stage 4, several Fgfs (including Fgf4 and Fgf8) are expressed in the primitive streak and in the node (Karabagli et al., 2002) , and multiple Wnts (including Wnt3A) are expressed in the caudal neural plate and in the primitive streak adjacent to the midbrain-hindbrain region (Chapman et al., 2004) . Thus, to examine whether Wnt and FGF signals in combination are also sufficient to reconstitute the more complex pattern of cells characteristic of the IsO, we exposed stage 4 FB explants to a combination of Wnt3A (w100 ng/ml) and FGF4 (15 ng/ml).
Under these conditions, cells that expressed Otx2 and Wnt1 were generated at the core and cells that expressed Gbx2 and Fgf8 in an adjacent domain at the periphery of the explants, whereas Pax2
C cells and En1 C cells were detected in a region that spanned the border between the Otx2 and Gbx2 domains ( Fig. 5E and Table 1 ). The same result was obtained using Wnt3A and FGF8b (100 ng/ml) in the presence of Heparin (1 mg/ml) (data not shown). In contrast, FGF4 (15 ng/ml) or Wnt3A (w100 ng/ml) alone did not induce cells of caudal neural character (Fig. 5C,D fig. 2D ), providing evidence that combinatorial Wnt and FGF act directly on prospective forebrain cells to induce a gene expression pattern characteristic of the IsO. Collectively, these results provide (63G14% of total cell number) and Pax6 C (61G10% of total cell number) cells. (D) FB explants (nZ9) cultured in the presence of Wnt3A (50 ml/ml of Wnt3A conditioned medium, w100 ng/ml) generated Otx2 C (25G6% of total cell number) and Pax6 C (45G6% of total cell number) cells. (E) FB explants (nZ9) cultured in the presence of FGF4 (15 ng/ml) and Wnt3A (50 ml/ml of Wnt3A conditioned medium, w100 ng/ml) generated Otx2 C (51G8% of total cell number), and Wnt1 C (12G5% of total cell number) cells at the core of the explants and Fgf8 C (11G4% of total cell number) and Gbx2 C cells (16G4% of total cell number) at the periphery of the explants. Cells expressing Pax2 (27G9% of total cell number) and En1 (13G5% of total cell number) spanned the border between the Otx2 C and Gbx2
C domains whereas no cells expressed Pax6 (0% of total cell number). Scale bar: 100 mm.
evidence that convergent Wnt and FGF signals at the late gastrula stage are both required and sufficient to initiate the formation of the complex pattern of cells characteristic of the IsO.
Convergent Wnt and FGF signaling reconstitute a functional IsO in prospective forebrain cells
Transplantation of the IsO into the prospective diencephalon of stage 9-10 chick embryos induces the generation of Pax2
C and En1 C midbrain cells in the surrounding neural tissue Irving and Mason, 2000; Martinez et al., 1999) . To examine whether the prospective IsO reconstituted in stage 4 forebrain cells by Wnt3A and FGF4 exhibited IsO activity, we grafted stage 4 quail forebrain explants cultured in the absence or presence of Wnt3A and FGF4 for 24 h into the prospective diencephalon of stage 10 chick embryos, which were subsequently maintained in ovo for 24 h (Fig. 6A) . Under these conditions, quail forebrain explants cultured alone or only in the presence of FGF4 (15 ng/ml) did not induce Pax2 or En1 expression in adjacent chick neural cells (Fig. 6B-K) . In contrast, forebrain explants that had been exposed to Wnt3A (w100 ng/ml) and FGF4 (15 ng/ml) in combination prior to grafting, induced the generation of both Pax2
C and En1 C midbrain cells in the surrounding chick neural tissue ( Fig. 6L-P) . Under these conditions, the grafted tissue adopted a folded morphology, similar to that observed when MHB tissue was transplanted into the caudal forebrain of a stage 10 embryo . Thus, convergent Wnt and FGF activity can reconstitute a functional IsO in prospective forebrain cells.
Discussion
The IsO forms at the midbrain-hindbrain boundary, and is required for the growth and ordered development of mesencephalic and metencephalic structures (Liu and Joyner, 2001; Reifers et al., 1998; Rhinn and Brand, 2001 ). The IsO is characterized by the generation of a complex polarized pattern of cells at the midbrain-hindbrain boundary (Hidalgo-Sanchez C or En1 C cells or induce Pax2 or En1 expression in adjacent chick tissue. (L-P) Quail FB explants (nZ12) cultured in FGF4 (15-60 ng/ml) and Wnt3A (50 ml/ml of Wnt3A conditioned medium, (w100 ng/ml)) and grafted into the chick CFB expressed En1 and Pax2 (7/12 explants) indicative of an IsO character. Ectopic Pax2 C (7/12 explants) and En1 C cells (6/12 explants) were induced in the adjacent chick neural ectoderm. et Wurst and Bally-Cuif, 2001 ). When and how neural cells are initially instructed to form this intricate pattern of cells have remained poorly defined. We now provide evidence that convergent Wnt and FGF signaling at the late gastrula stage are required and sufficient to induce the formation of a functional IsO.
The onset of Wnt1 and Fgf8 expression at the midbrainhindbrain boundary is preceded by complex spatio-temporal patterns of homeobox transcription factors in the region of the neural plate where the IsO will form (Rhinn and Brand, 2001; Wurst and Bally-Cuif, 2001 ). Otx2 and Gbx2 expression divides the early neuroectoderm into rostral and caudal domains with a common border that marks the midbrainhindbrain boundary (Hidalgo-Sanchez et al., 1999; Millet et al., 1996; Niss and Leutz, 1998) . From early-somite stages, Pax2 and En1/2 become expressed across the Otx2/Gbx2 border (Davis and Joyner, 1988; Hidalgo-Sanchez et al., 1999) , and shortly thereafter Wnt1 and Fgf8 become expressed on either side of the midbrain-hindbrain boundary (Hidalgo-Sanchez et al., 1999) . The roles of these transcription factors in positioning and maintaining a functional IsO at the midbrainhindbrain boundary are well documented (Acampora et al., 1997; Li and Joyner, 2001; Schwarz et al., 1997; Urbanek et al., 1997; Wassarman et al., 1997; Wurst et al., 1994; Ye et al., 2001) . Interestingly, however, these transcription factors are not required for the initial induction of a polarized pattern of gene expression at the midbrain-hindbrain boundary (Acampora et al., 1997; Li and Joyner, 2001; Schwarz et al., 1997; Wassarman et al., 1997; Wurst et al., 1994) . Moreover, neither Wnt1 nor Fgf8 are required for the initial induction, but for the maintenance of IsO-specific gene expression (Lee et al., 1997; McMahon et al., 1992; Reifers et al., 1998) . Thus, when and how neural plate cells are initially instructed to form the IsO has remained poorly defined. Results in chick have provided evidence that prospective neural cells become specified as cells of midbrain and rostral hindbrain character at the late gastrula stage (Muhr et al., 1999) . We now provide evidence that these gastrula stage prospective midbrain-rostral hindbrain cells have also received sufficient positional information to generate the complex pattern of cells characteristic of the IsO. Thus, from stage 4, the IsO forms independently of signals derived from adjacent tissues or from signals derived from more rostral or caudal regions of the emerging neural plate. These results are consistent with the pattern of expression of Wnts in the streak and paraxial mesoderm and of Fgfs in the streak at gastrula stages (Chapman et al., 2004; Streit and Stern, 1999) . Moreover, our results show that the initial induction of the IsO becomes independent of Wnt or FGF signals by stage 6 (0 somite stage). This observation is consistent with results from Ye et al. (1998) , which demonstrate that inhibition of FGF signaling after the 0 somite stage in rat midbrain-hindbrain explants does not block the initial induction of Pax2, En1, Fgf8 and Wnt1. Thus, induction of the IsO begins at stage 3 C and is completed by stage 6.
Wnt and FGF signaling in neural cells at the gastrula stage are required for initial specification of midbrain and rostral hindbrain cells (Nordstrom et al., 2002) and recent results in Zebrafish have provided evidence that the positioning of the midbrain-hindbrain boundary depends on Wnt8 signaling (Rhinn et al., 2005) . Consistently, we find that Wnt and FGF signaling at the gastrula stage are required for the initial specification of the pattern of cells characteristic of the IsO. Moreover, our results provide evidence that Wnt and FGF signals in combination are sufficient to reconstruct the complex pattern of cells characteristic of the IsO in 'naïve' gastrula stage forebrain explants. Under these conditions, Wnt1
C cells of midbrain character are generated at the core and Fgf8 C cells of rostral hindbrain character at the periphery of the explants, which is consistent with the idea that the induction of Fgf8 C rostral hindbrain cells requires a higher concentration of Wnt signals than the induction of adjacent Wnt1 C midbrain cells (Nordstrom et al., 2002) . The cross-regulatory activities of Wnt1 and FGF8 (Wurst and Bally-Cuif, 2001 ) induced in these explants make it difficult, however, to define the precise concentration requirements of extrinsic Wnt and FGF signals. Collectively, these results provide evidence that convergent Wnt and FGF signaling at the gastrula stage are required and sufficient to initiate the generation of the complex polarized pattern of cells characteristic of the IsO. Furthermore, our transplantation experiments in intact chick embryos provide evidence that under these conditions convergent Wnt and FGF activity reconstitute an IsO that exhibit an organizing activity upon grafting into the prospective diencephalon.
Transplantation of the IsO, or implantation of FGF-coated beads into the prospective diencephalon of stage 9-10 chick embryos induce a polarized pattern of midbrain-rostral hindbrain cells characteristic of the IsO (Irving and Mason, 2000; Martinez et al., 1999) , supporting the idea that FGF signaling plays a role during the normal induction of the IsO. At these stages, several Wnts are expressed in the caudal but not in the rostral forebrain (Garcia-Lopez et al., 2004; Hollyday et al., 1995) . Interestingly, FGF signals do not induce gene expression characteristic of the midbrain-hindbrain region in the rostral forebrain, with an apparent border of competence at the zona limitans intrathalamica (Crossley et al., 1996) , which coincides with the rostral limit of Wnt expression (GarciaLopez et al., 2004; Hollyday et al., 1995; Roelink and Nusse, 1991; Salinas and Nusse, 1992) . In addition, early Wnt signaling directs the generation of prospective caudal forebrain cells (Heisenberg et al., 2001; Nordstrom et al., 2002) , and Wnt inhibitors expressed in the rostral neural plate and in the underlying mesendoderm maintain the rostral forebrain character of neural plate cells (Chapman et al., 2004; Yamaguchi, 2001) . Thus, the ability of FGF signals to induce a pattern of cells characteristic of the IsO in the caudal but not in the rostral diencephalon correlates with exposure of caudal diencephalic cells to Wnt signals. These results are in agreement with our finding that convergent Wnt and FGF signaling at the gastrula stage are required and sufficient to initiate the formation of the IsO.
Experimental procedures
Isolation and growth of tissue explants
Explants were isolated from the prospective neural plate of Hamburger Hamilton (HH) stage 3-6 chick embryos, and cultured in vitro for 15-24 h in serum-free OPTI-MEM containing N2 (GIBCO BRL) supplement and fibronectin (Sigma).
Preparation of inducing factors
Soluble Wnt3A, mFrz8CRD-IgG and control conditioned media (CM) were generated as described (Nordstrom et al., 2002) . Wnt3A CM was used at an estimated concentration of 100 ng/ml, the mFrz8CRD-IgG CM (Hsieh et al., 1999) and control CM were used at a concentration of 120 (ml/ml. FGF4 (R&D Systems) was used at 15 ng/ml. SU5402 (Calbiochem) was used at 4 mM.
Immunohistochemistry and in situ hybridization
Immunohistochemistry and in situ hybridization were carried out as described (Schaeren-Wiemers and Gerfin-Moser, 1993; Yamada et al., 1991) . All labelings were performed on consecutive serial 8 mm sections. For double in situ hybridization two probes were applied to the sections simultaneously, one FITC labeled and the other DIG labeled. The FITC signal was visualized using INT/BCIP. After photographing the FITC staining the AP was inactivated with heat (65 8C, 30 min) and 0.2 M glycine (pH 2) for 30 min. The DIG signal was then visualized using NBT/BCIP. A new photograph of the same section was taken after the INT/BCIP reaction product had been removed by treatment with graded alcohols, concluding with 100% ethanol for 10 min at room temperature. Wnt1 cDNA was provided by A. McMahon. Fgf8 cDNA (Gunhaga et al., 2003) , Brachuyry cDNA (Smith et al., 1991) , Tbx6L cDNA (Knezevic et al., 1997) and Not1 cDNA (Stein and Kessel, 1995) have been described. Rabbit Pax2 antibody was obtained from Biosite. En1, Pax6 and quail cells were detected with mAb 4G11, mAb PAX6 and mAb QCPN (Developmental Studies Hybridoma bank), respectively. Other antibodies used in this study have been described (Muhr et al., 1997; Nordstrom et al., 2002; Wilson et al., 2001 ).
Grafting of explants in intact embryo
Quail explants were isolated from the prospective neural plate of HH stage 4 embryos. Explants were cultured in vitro for 24 h on a Millicell membrane (Millipore) in serum-free OPTI-MEM as described above. After incubation the explants were recollected in L-15 medium and kept on ice. Chick embryos incubated to HH stage 10 were visualized in the egg by injecting China Ink under the embryo. Hundred microliters of PEST-Tyrode was applied on the embryo to avoid infections and dehydration. An opening, in which an explant was introduced, was made in the caudal forebrain of the chick embryos using a sharpened 0.1 mm tungsten needle. The eggs were sealed with tape and the chimera embryos were incubated in ovo for an additional 24 h, before fixation, cryo-sectioning and analysis.
